Abstract -Several studies on fermentation systems have been made with in situ fluorescence probes during the past fifteen years. These probes normally contain a stable UV light source and filters for selection of the appropriate excitation and emission wavelengths. The objective of different studies has varied. Culture fluorescence has been used for on-line biomass estimation, for monitoring of metabolic changes and for process control purposes. In this short review, different applications of in situ fluorescence measurements are discussed.
INTRODUCTION
Fermentation monitoring and control is a subject of increasing interest as the field of biotechnology matures and processes begin to reach production scale. Process control requires fast and on-line measurement techniques. Several on-line monitoring techniques have been developed such as flow injection analysis (FIA), mass spectrometry (MS) and on-line high performance liquid chromatography (HPLC) (refs. 1, 2). However, most of the available techniques are useful only for the measurement of the abiotic phase, e.g. measurement of the substrate concentration or off-gas analysis. Few on-line methods are available for the measurement of intracellular metabolite or cofactor concentrations, i.e. direct measurement of the "biological state" of the microorganisms. Measurement of culture fluorescence is one of these possible methods.
The basic principle behind culture fluorescence measurements is that a suitable fluorophore, preferably naturally present in the microorganism, is excited by light of a certain wavelength. The fluorophore emits light of a slightly longer wavelength, which is detected by either a photodiode or a photomultiplier. The geometric arrangement for an in situ probe is normally an open-ended one, which means that the back-scattered fluorescence is measured. Most probes have been tuned for the detection of NAD(P)H, which emits light with an intensity maximum at 460 nm when excited by light of the wavelength 340 nm.
In 1957 Duysens and Amesz (ref. 3) were the first investigators to use fluorimetric methods for the study of intracellular NAD(P)H concentrations in commercial Bakers' yeast. They concluded that the fluorimetric methods were probably more selective than the previously used absorption spectrophotometry for in vivo studies of NAD(P)H. The first on-line measurements were made by Harrison and Chance (ref. 4) 
ESTIMATION OF BIOMASS CONCENTRATION
On-line estimation of biomass concentration is far from trivial in fermentation processes. The traditional off-line method of cell concentration determination by measurement of turbidity (in the visible region 1928 G. LIDEN 550-650 nm) is not that easy to apply on-line. The cell concentrations are normally too high, which gives a poor sensitivity. However, several turbidimetric sensors using IR-LEDs have recently reached the market (MEX3, BTG Kale Inventing; Cell Growth Probe, Wedgewood Technology). A different approach is to measure the dielectric permittivity, and a commercial instrument based on this priciple is available (BUGMETER, Aber Instruments).
Culture fluorescence can be used to measure biomass concentration, if one can assume a constant intracellular concentration of NAD(P)H. This will obviously not be true when the metabolism of the microorganism is changing, but may well be a reasonable assumption during balanced growth. Several investigators have correlated measured fluorescence to biomass concentration (Table 1) . Another question of interest is whether perhaps there is a better intracellular fluorophore for biomass monitoring than NAD(P)H present in microorganisms. This was examined by Li and coworkers (ref.
13, 14)
by multiple excitation fluorometry. The fluorophores examined, apart from NAD(P)H, were tryptophan, pyridoxine and riboflavin and the authors conclude that tryptophan and pyridoxine may indeed be a better choice than NAD(P)H for biomass monitoring, at least for some microorganisms.
M O N I T O R I N G OF METABOLIC CHANGES
As only the reduced forms (NADH and NADPH) but not the oxidized forms (NAD' and NADP) fluoresce, the fluorescence signal is sensitive to any metabolic change, which influences the ratio between oxidized and reduced forms. Therefore, culture fluorescence has been used to study changes in the metabolic state ( The studies can be divided into studies of rapid metabolic changes (aerobic/anerobic transitions, substrate puls responses, toxic pulse responses) and slow metabolic changes (diauxic growth, acetonebutanol .fermentation). The quantity of interest is often the specific fluorescence value (i.e. the fluorescence signal divided by the biomass concentration). For rapid metabolic changes the biomass concentration can be assumed to be approximately constant and the measured fluorescence changes can be interpreted directly as changes of the specific fluorescence. For slow changes, however, an independent measurement of the biomass concentration is necessary to obtain the changes of the specific fluorescence. Also other aspects, such as background fluorescence changes and rheological changes, are more important and must be considered. Care must also be exercised with e.g. the use of antifoam in the fermentor broth (ref. 35).
In Fig. 1 fluorescence measurements on an anaerobic fermentation of xylose by Pichia stipitis is shown. The biomass concentration during the fermentation decreases slowly, but the fluorescence value increases. The background fluorescence, measured after separation of the cells, does not show a corresponding increase. The increase in fluorescence is thus not caused by the excretion of an extracellular compound. When compared to on-line HPLC measurements (Fig. 1) , it is seen that maximum fermentation rate is obtained at a relatively constant fluorescence level. This information may possibly be used for fed-batch control of a xylose fermentation.
The prospects of bioprocess control using culture fluorescence have been tested by some investigators. Control of fed-batch of C. ufifis was tested by Watteeuw et af. (ref. 18) . In this paper, the authors managed to decrease the acetate formation and thereby increase the biomass productivity. Fed-batch control of C. acetobufyficum was demonstrated by Srivastava and Volesky (ref. 29 ) by a manual addition scheme, by which the authors managed to maintain a high butanol productivity. Meyer and Beyeler (ref. 20) used culture fluorescence in combination with carbon dioxide evolution rate for maximizing the biomass productivity in a continuous culture of S. cerevisiae. The cell concentration at the beginning of the fermentation was 1.9 g d.w./L and the cellconcentration at t=17 h was 1.2 g d.w./L. The temperature during the fermentation was 30 "C and the pH was controlled at 4.5 (G. Lidtn and C. Niklasson, unpublished results) .
CONCLUSIONS
The interpretation of an in situ fluorescence measurement is not trivial as the signal is influenced by many factors such as bubbling, interfering fluorophores, temperature, absorbing compounds, dissolved oxygen tension and pH. However, the technique offers several advantages. It is fast, continuous, and gives information about intracellular concentrations, an information very difficult to obtain on-line with other methods. So far, most studies have concerned NAD(P)H fluorescence, both for biomass concentration monitoring and for the monitoring of metabolic changes, but other fluorophores will probably be considered in the future, especially for monitoring of the biomass concentration.
